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(54) INDUCTIVE ANGULAR SENSOR METHOD AND SYSTEM

(57) A method of determining a set of calibration val-
ues (Aasym01, Aasym12, Aasym20) for offset-compen-
sation of an inductive angular sensor arrangement com-
prising: a substrate with a transmitter coil and three re-
ceiver coils, and a rotatable target. The method compris-
es the steps of: a) exciting the transmitter coil; b) posi-
tioning the target at or near predefined positions, c) meas-
uring and processing the signals, including calculating
sums of squares of difference signals. A sensor device.
An angular sensor system.
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Description

Field of the invention

[0001] The present invention relates in general to the field of inductive angular position sensor systems, and in particular
to a method of determining calibration values for offset-compensation of an inductive angular position sensor system.

Background of the invention

[0002] Various inductive angle sensors are known in the art, for example for motor control purposes. They typically
comprise an excitation coil (also known as "transmitter coil") and multiple detection coils (also known as "receiver coils").
The transmitter coil and the receiving coils are inductively coupled to one another. The amount of coupling may be
influenced by a coupling element (also known as "target") movably mounted in the vicinity of the transmitter and receiver
coils. The excitation coil may for example be excited with an AC signal, which induces eddy currents in the target. The
receiving coils will generate signals caused by the eddy currents in the target and the current in the transmitting coil.
The signals from the receiving coils are analysed in an electronic circuit, and an angular position can be determined
based on these signals in known manners.
[0003] Different kinds of inductive angle sensors exist. The shape and size and number of coils may vary, as well as
the shape and size of the target. They may have different characteristics such as angular range (e.g. 360°, 180°, 120°,
etc.), accuracy or measurement error, robustness against axial or radial position offset, compactness, maximum outer
radius (also referred to as "turning radius"), component count, component cost, etc.
[0004] In order to achieve optimal accuracy, errors or non-idealities need to be compensated for each individual
assembly. The error correction algorithm may use a set of parameters which are determined in a calibration procedure
performed during the production or assembly stage. These parameters are typically stored in a non-volatile memory of
the angular sensor system, so that they can be used during normal operation of the angular sensor device.
[0005] US20200116532(A1) describes methods of detecting and correcting errors in a rotating position sensor system
having sine and cosine signals.
[0006] There is always room for improvements or alternatives.

Summary of the invention

[0007] It is an object of embodiments of the present invention to provide a method of determining calibration values
for offset-compensation of an inductive angular position sensor system.
[0008] It is a particular object of embodiments of the present invention to provide a method which is easier to perform,
and/or which is less computationally intensive.
[0009] It is also an object of embodiments of the present invention to provide a method of offset determination and
compensation in an inductive angular position sensor system.
[0010] It is also an object of embodiments of the present invention to provide an angular position sensor device
comprising at least some of the steps of the method of determining the calibration values, e.g. all of the calculation steps
and data capturing steps, but not the mechanical movement of the target, e.g. the mechanical positioning of the target
in said predefined positions.
[0011] It is also an object of embodiments of the present invention to provide an angular position sensor system
comprising such an angular sensor device, configured for performing such a method, except the mechanical movement
of the target.
[0012] These and other objects are accomplished by a method, an angular position sensor system, and by an angular
position sensor device according to embodiments of the present invention.
[0013] According to a first aspect, the present invention provides a method of determining a set of calibration values
for offset-compensation of an inductive angular sensor arrangement comprising: a substrate and a target; wherein the
substrate comprises at least one transmitter coil and three receiver coils for generating three modulated signals from
which three baseband signals which are electrically shifted relatively to one another by about 120° can be derived, and
wherein the target is rotatable relative to said substrate; the method comprising the steps of: a) applying an alternating
signal to the at least one transmitter coil; b) performing at least six times, the steps i) to iv), with i) positioning the target
in one of six predefined angular positions (e.g. referred to herein as α30, α90, α150, α210, α270, α330) spaced apart
by approximately 50° to 70°; ii) receiving a first, second and third alternating signal from the three receiver coils whilst
the target is at or near said predefined angular position; iii) demodulating the first, second and third alternating signal
thereby obtaining a first, second and third baseband signal; iv) calculating a first, second and third pairwise difference
signal from these baseband signals, and storing (e.g. temporarily storing) these difference signals; c) initializing a first,
second and third correction value (e.g. referred to herein as Aasym01, Aasym12, Aasym20); d) adjusting, at least once,
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the first, second and third pairwise difference signal taking into account the first, second and third correction value, and
adjusting at least once the first, second and third correction value based on a sum of squares (e.g. referred to herein as
SoS30, SoS90, SoS150, SoS210, SoS270, SoS330) of the adjusted pairwise difference signals.
[0014] The three receiver coils and the target have a layout such that they generate three sinusoidal signals which
are approximately 120° phase shifted to one another electrically, as the target moves relative to the substrate. Various
suitable shapes providing such signals are known in the art. The receiver coils may for example have a circular shape
or a shape comprised of two or more circle segments, and the target may have the shape of a flower or a clover with
multiple leafs. The leafs or lobes may have straight edges or round edges. Suitable shapes are well known in the art.
In a particular case, the receiver coils may have a layout with a rotational symmetry of 120°/N mechanical, where N is
an integer value associated with the number of lobes or blades of the target, e.g. equal to or proportional to the periodicity
of the target.
[0015] In an embodiment, step d) comprises: performing at least once, the steps v) to viii), with v) subtracting the first,
second and third correction value from the first, second, third pairwise difference signal respectively, thereby obtaining
corrected difference signals; vi) determining a sum of squares (SoS30, SoS90, SoS150, SoS210, SoS270, SoS330) of
these corrected difference signals (or values) for each of said six predefined angular positions; vii) estimating an amplitude
(e.g. Arotor) of these corrected difference signals; viii) updating the first, second and third correction value (Aasym01,
Aasym12, Aasym20) based on the following formulas: Aasym01 = (SoS90 - SoS270) / (6∗Arotor); Aasym12 = (SoS210
- SoS30) / (6∗Arotor); Aasym20 = (SoS330 - SoS150) / (6∗Arotor).
[0016] The method may comprise a further step e) of storing the updated first, second and third calibration value
(Aasym01, Aasym12, Aasym20) in a non-volatile memory (324).
[0017] In an embodiment, step i) comprises: positioning the target at an angular position θ0+(k∗60°)+ε[k], where θ0 is
a value in the range from 20° to 40°, or from 25° to 35°, e.g. equal to 30°, k is an integer value from 0 to 5, and ε[k] is a
random value in the range from -5° to +5°, or in the range from -3° to +3°, which may be different for each value of k.
Ideally, ε[k] is equal to 0°, but that is not absolutely required.
[0018] Step c) may comprise: initialize the values to zero, but that is not absolutely required. The algorithm will also
converge if the initial values are not equal to zero.
[0019] In an embodiment, step i) comprises: positioning the target in one of six predefined angular positions (referred
to herein as α30, α90, α150, α210, α270, α330) spaced apart by 55° to 65°.
[0020] In an embodiment, the sum of squares (SoS30, SoS90, SoS150, SoS210, SoS270, SoS330) is calculated in
accordance with the following formula: SoS = (D01)2 + (D12)2 + (D20)2, or written as a function of θ: SoS(θ) = (D01(θ))2

+ (D12(θ))2 + (D20(θ))2.
[0021] In an embodiment, the value of Arotor is calculated in accordance with the following formula: Arotor = [max(D01)
- min(D01) + max(D12)-min(D12)+ max(D20)-min(D20)]/6, where max(.) means a maximum value, and min(.) means a
minimum value.
[0022] It was found that the algorithm is highly insensitive to inaccuracies of the estimates of Arotor. It is noted in
particular that a value of Arotor based on only six samples per period, spaced apart by approximately 60° as recited
above, is sufficient. But of course, a value of Arotor based on more than six samples per period may also be used.
[0023] In an embodiment, step viii) further comprises: determining how much the correction values have changed in
this iteration of step d) (compared to the values of the previous iteration), and comparing this change to a predefined
threshold value; and if the change is larger than the threshold value, performing another iteration of step d); and if the
change is smaller than the threshold value, continuing with step e).
[0024] It was found that the algorithm typically converges after 3 or 4 iterations of step d). However, in some cases,
it may converge sooner. The comparison of how much the correction values have changed can be performed in any
known way, e.g. using a sum of absolute differences, or a sum of squares of the differences, or considering a maximum
variation of the three values, or any other suitable distance function.
[0025] In an embodiment, step d) is performed a predefined number (N) of times. The value of N is preferably a value
in the range from 1 to 10, or from 1 to 5, for example equal to 2 or 3 or 4 or 5.
[0026] In an embodiment, step i) comprises: positioning the target in a stationary position; and step ii) comprises:
receiving said alternating signals from the receiver coils whilst the target is in said predefined angular position.
[0027] This embodiment is referred to as the "static measurement". In this embodiment, preferably the values deter-
mined in step iv) are temporarily stored, so that the same values can be used and reused for multiple iterations of step d).
[0028] In an embodiment, step i) comprises: allowing or causing the target to rotate (e.g. at a substantially constant
speed); and step ii) comprises: receiving said alternating signals (S0, S1, S2) from the receiver coils whilst the target is
in the vicinity of said predefined angular position (e.g. at said angular position +/- 5°, or +/- 3°).
[0029] This embodiment is referred to as the "dynamic measurement". In this embodiment, the values determined in
step iv) may be stored, but that is not absolutely required, and the target may continue to run during multiple iterations
of step d).
[0030] In an embodiment, the substrate is a printed circuit board, and the at least one transmitter coil and the three
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receiver coils are formed by conductive tracks on the printed circuit board.
[0031] In an embodiment, the at least one transmitter coil is substantially circular.
[0032] In an embodiment the at least one transmitter coil is part of an LC oscillator circuit.
[0033] In an embodiment, the receiver coils are anti-winded. One could also say that the receiver coils are "zero-flux
coils". It is noted, however, that the present invention also works if the receiver coils are not "anti-winded" or are not
"zero-flux coils".
[0034] The target may comprise from 1 to 25 lobes, or from 2 to 24 lobes, or from 4 to 12 lobes. In preferred embodiments,
the target comprises from 4 to 8 lobes.
[0035] In an embodiment, the at least one transmission coil has a circular shape; and the target comprises a plurality
of lobes which are equidistantly spaced apart over a full circle.
[0036] In an embodiment, the at least one transmission coil has a C-shape with an outer radius and an inner radius;
and the target comprises a plurality of lobes which are equidistantly spaced apart over a circular arc segment.
[0037] In an embodiment, the target comprises a printed circuit board, and a plurality of conductive zones, e.g. copper
zones.
[0038] In an embodiment, the target is made of metal.
[0039] In an embodiment, the transmitter coil is excited with an alternating signal having a frequency in the range from
1 to 20 MHz.
[0040] According to a second aspect, the present invention also provides a method of offset determination and com-
pensation in an inductive angular position sensor system, wherein the substrate comprises at least one transmitter coil
and three receiver coils for generating three modulated signals from which three baseband signals which are electrically
shifted relatively to one another by about 120° can be derived, and wherein the target is rotatable relative to said substrate;
and wherein the position sensor system further comprises an angular sensor device and a non-volatile memory; the
method comprising the steps of: x) determining a plurality of calibration values (e.g. Aasym01, Aasym12, Aasym20)
using a method according to the first aspect; y) storing these calibration values in the non-volatile memory of the angular
sensor device during a calibration phase; z) reading these calibration values from said non-volatile memory, and using
them for offset-compensation during normal use of said angular sensor device.
[0041] According to a third aspect, the present invention also provides an angular sensor device comprising: a de-
modulator circuit configured for demodulating three modulated signals to three baseband signals; a non-volatile memory
for storing at least three calibration values (e.g. Aasym01, Aasym12, Aasym20); a processing circuit connected to an
output of said demodulator circuit, and connected to said non-volatile memory, and configured for performing at least
the steps ii) to iv) and c) to d) of a method according to the first aspect.
[0042] It is noted that step a) may, but does not necessarily have to be performed by the same angular position sensor
device, but could also be performed by another device.
[0043] The angular sensor device may be mounted on the same substrate (e.g. on the same PCB) as the substrate
that contains the transmitter coil(s) and receiver coils.
[0044] According to a fourth aspect, the present invention also provides an angular sensor system comprising: a
substrate comprising at least one transmitter coil and three receiver coils configured for generating three modulated
signals from which three baseband signals which are electrically shifted relatively to one another by 120° can be derived;
a target rotatable relative to said substrate; an angular sensor device according to the third aspect, connected to said
at least one transmitter coil and to said receiver coils.
[0045] In an embodiment, the substrate has a rotational symmetry of 120° divided by the number N of lobes of the target.
[0046] Particular and preferred aspects of the invention are set out in the accompanying independent and dependent
claims. Features from the dependent claims may be combined with features of the independent claims and with features
of other dependent claims as appropriate and not merely as explicitly set out in the claims.
[0047] These and other aspects of the invention will be apparent from and elucidated with reference to the embodi-
ment(s) described hereinafter.

Brief description of the drawings

[0048]

FIG. 1 shows an example of an arrangement comprising: a substrate comprising a transmitter coil and receiver
coils; and a target (having five blades) movable relative to said substrate, as can be used in embodiments of the
present invention.
FIG. 2 shows a variant of the arrangement of FIG. 1 for a target having only three blades, as can be used in
embodiments of the present invention.
FIG. 3 shows a schematic block-diagram of an angular sensor system according to embodiments of the present
invention, comprising: a substrate with at least one transmitter coil and three receiver coils, a target movable relative
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to said substrate, and an angular sensor device connected to said receiver coils.
FIG. 4 shows a flow-diagram of a method of determining calibration parameters for offset-compensation, according
to an embodiment of the present invention.
FIG. 5(a) shows a graph with three baseband signals, obtained by demodulating the signals obtained from the
receiver coils, in an ideal situation.
FIG. 5(b) shows a set of three equations representing these waveforms, each having an amplitude Arotor/V3.
FIG. 6(a) shows a graph with three baseband signals, obtained by demodulating the signals obtained from the
receiver coils, in a practical situation.
FIG. 6(b) shows a set of three equations representing these waveforms, each with an individual offset value.
FIG. 7(a) shows a graph showing three pairwise differences between the baseband signals of FIG. 6(a).
FIG. 7(b) shows a set of three equations representing them.
FIG. 8(a) shows a set of formulas of how the calculate the corrected difference signals.
FIG. 8(b) shows what the corrected pairwise difference waveforms should ideally look like.
FIG. 8(c) shows a set of three equations representing them.
FIG. 9 shows a formula defined as the sum of squares "SoS" of the difference waveforms, which can be written as
a sum of three terms.
FIG. 10 shows that the first term can be simplified, and is only dependent on Arotor.
FIG. 11(a) shows the formula of FIG. 9, with the simplified expression for the first term.
FIG. 11(b) shows an exemplary graph illustrating the sum of squares of a particular example.
FIG. 11(c) shows another notation of the third term.
FIG. 11(d) is a copy of FIG. 11(b), with the reference angles added.
FIG. 12 shows an evaluation of the sum of squares for a particular angle, namely for θ= π/2=90°, referred to herein
as SoS90.
FIG. 13 shows the evaluation of the sum of squares for six particular angles, spaced apart by 60°, referred to herein
as SoS30, SoS90, ..., SoS330.
FIG. 14 shows formulas for three pairwise differences between sum of squares.
FIG. 15 shows three extremely simple formulas to calculate each of the offsets of the three baseband signals as a
linear combination of two sum of squares.
FIG. 16 shows the graph of FIG. 11(b) with a first SoS-curve representing the initial condition from which a first set
of offsets can be calculated using the formulas of FIG. 15, and shows a second and third SoS curve representing
the sum of squares after a first and a second iteration respectively.
FIG. 17 shows a plot with three curves, representing the angular error without offset compensation, or when com-
pensating using the values obtained after 1 iteration, orwhen compensating using the values obtained after 2 iter-
ations.
FIG. 18 shows a variant of FIG. 11(d) with grey zones near the reference angles.

[0049] The drawings are only schematic and are non-limiting. In the drawings, the size of some of the elements may
be exaggerated and not drawn on scale for illustrative purposes. Any reference signs in the claims shall not be construed
as limiting the scope. In the different drawings, the same reference signs refer to the same or analogous elements.

Detailed description of illustrative embodiments

[0050] The present invention will be described with respect to particular embodiments and with reference to certain
drawings but the invention is not limited thereto but only by the claims. The drawings described are only schematic and
are non-limiting. In the drawings, the size of some of the elements may be exaggerated and not drawn on scale for
illustrative purposes. The dimensions and the relative dimensions do not correspond to actual reductions to practice of
the invention.
[0051] Furthermore, the terms first, second and the like in the description and in the claims, are used for distinguishing
between similar elements and not necessarily for describing a sequence, either temporally, spatially, in ranking or in
any other manner. It is to be understood that the terms so used are interchangeable under appropriate circumstances
and that the embodiments of the invention described herein are capable of operation in other sequences than described
or illustrated herein.
[0052] Moreover, the terms top, under and the like in the description and the claims are used for descriptive purposes
and not necessarily for describing relative positions. It is to be understood that the terms so used are interchangeable
under appropriate circumstances and that the embodiments of the invention described herein are capable of operation
in other orientations than described or illustrated herein.
[0053] It is to be noticed that the term "comprising", used in the claims, should not be interpreted as being restricted
to the means listed thereafter; it does not exclude other elements or steps. It is thus to be interpreted as specifying the
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presence of the stated features, integers, steps or components as referred to, but does not preclude the presence or
addition of one or more other features, integers, steps or components, or groups thereof. Thus, the scope of the expression
"a device comprising means A and B" should not be limited to devices consisting only of components A and B. It means
that with respect to the present invention, the only relevant components of the device are A and B.
[0054] Reference throughout this specification to "one embodiment" or "an embodiment" means that a particular
feature, structure or characteristic described in connection with the embodiment is included in at least one embodiment
of the present invention. Thus, appearances of the phrases "in one embodiment" or "in an embodiment" in various places
throughout this specification are not necessarily all referring to the same embodiment, but may. Furthermore, the particular
features, structures or characteristics may be combined in any suitable manner, as would be apparent to one of ordinary
skill in the art from this disclosure, in one or more embodiments.
[0055] Similarly, it should be appreciated that in the description of exemplary embodiments of the invention, various
features of the invention are sometimes grouped together in a single embodiment, figure, or description thereof for the
purpose of streamlining the disclosure and aiding in the understanding of one or more of the various inventive aspects.
This method of disclosure, however, is not to be interpreted as reflecting an intention that the claimed invention requires
more features than are expressly recited in each claim. Rather, as the following claims reflect, inventive aspects lie in
less than all features of a single foregoing disclosed embodiment. Thus, the claims following the detailed description
are hereby expressly incorporated into this detailed description, with each claim standing on its own as a separate
embodiment of this invention.
[0056] Furthermore, while some embodiments described herein include some but not other features included in other
embodiments, combinations of features of different embodiments are meant to be within the scope of the invention, and
form different embodiments, as would be understood by those in the art. For example, in the following claims, any of
the claimed embodiments can be used in any combination.
[0057] In the description provided herein, numerous specific details are set forth. However, it is understood that
embodiments of the invention may be practiced without these specific details. In other instances, well-known methods,
structures and techniques have not been shown in detail in order not to obscure an understanding of this description.
[0058] When in the present invention reference is made to "sum of squares", reference is made to formula [9.1] of FIG. 9.
[0059] In this document, the expression "offset compensation" means compensating for non-idealities, for example
due to geometrical tolerances of PCB traces, geometrical asymmetries in the PCB feeding traces to the coils, asymmetries
in the environment surrounding the angle sensor, etc. Without compensation, such non-idealities typically lead to DC
offsets of the baseband signals (hence the name "offset-compensation"), which in turn typically lead to angular errors
(e.g. as illustrated in FIG. 17).
[0060] In this document, the expression "correction value" or "calibration value" are used as synonyms, and typically
refer to the values Aasym01, Aasym12, Aasym20, unless explicitly mentioned otherwise.
[0061] The present invention relates in general to inductive angular position sensor systems. As mentioned above,
they typically comprise a substrate with a (or at least one) an excitation coil (also known as "transmitter coil") and a
plurality of detection coils (also known as "receiver coils"), which are inductively coupled. The amount of coupling may
be influenced by a coupling element (also known as "target") mounted in the vicinity of the transmitter and receiver coils.
The excitation coil is typically excited with an AC signal, which induces eddy currents in the target. The receiving coils
will generate signals (e.g. voltage signals) caused by the eddy currents in the target and by the current in the transmitting
coil. The signals from the receiving coils are analysed in an electronic circuit, and an angular position can be determined
based on these signals. More specifically, the present invention is related to an inductive angular sensor system having
three receiver coils providing three modulated signals, from which three baseband signals can be derived which are
120° shifted electrically.
[0062] FIG. 1 shows a first example of such an inductive sensor arrangement comprising: a substrate (e.g. a printed
circuit board, PCB) comprising a transmitter coil and receiver coils; and a target (e.g. a metal target) rotatable relative
to said substrate. In the example shown, the transmitter coil(s) describe a full circle (also referred to as an O-shape),
but the present invention is not limited thereto, and also works for so called "C-shaped" coils. In the example shown,
the target has five lobes (or leaves or blades) which are spaced apart by 360°/5=72°, but the present invention is not
limited thereto either, and also works for targets having a different number of lobes, for example from 1 to 25 lobes, or
from 2 to 22 lobes.
[0063] FIG. 2 shows another example of an inductive sensor arrangement having an O-shape. In this example, the
target has only three blades. In embodiments of the present invention, the shape and size of the transmitter coil TX, and
the shape and size of the three receiver coils Rx1, Rx2, Rx3, and the shape and size of the target blades may vary, as
long as the sensor arrangement provides three modulated signals from which three baseband signals can be derived
which are substantially 120° phase shifted electrically. Suitable shapes are well known in the art, and is not the main
focus of the present invention.
[0064] FIG. 3 shows a schematic block-diagram of an angular sensor system 300, comprising: an inductive sensor
arrangement 310 comprising: a substrate with at least one transmitter coil TX and three receiver coils Rx1, Rx2, Rx3,
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and a target which is rotatable relative to said substrate.
[0065] The sensor system 300 further comprises a sensor device 320 connected at least to said receiver coils Rx1,
Rx2, Rx3 for receiving and processing the received signals. The sensor device 320 is preferably also connected to the
transmitter coil TX, and is preferably further configured for exciting the transmitter coil with an AC signal.
[0066] The sensor system 300 may have an oscillator circuit 321, and the transmitter coil TX may be part of that
oscillator circuit, but this is not absolutely required, and the excitation may also be performed by a separate circuit, e.g.
by a separate chip. The transmitter coil may be excited at a frequency of about 1 MHz to about 20 MHz. The excitation
frequency may be higher than, or lower than, or substantially equal to the resonance frequency of the oscillator circuit.
These aspects are well known in the art, but are not the main focus of the present invention, and hence need not be
explained in more detail here.
[0067] The sensor device 320 is configured for receiving signals from the receiver coils Rx1, Rx2, Rx3, and optionally
for amplifying these signals using amplifier 322, and for demodulating these signals in demodulator 323, yielding three
baseband signals In0, In1, In2. The demodulation may comprise synchronous rectification and low-pass filtering. These
baseband signals are then "offset compensated" using a known algorithm and using a small number of calibration values,
which values are stored in a non-volatile memory 324 of the sensor device 320 during a calibration procedure. The angle
may be computed from these offset-compensated signals, for example, using the "Clarke transformation" to convert the
three-phase signals into quadrature signals, on which an arctangent operation can be performed. In the system shown
in FIG. 3, the sensor device 320 may perform the Clarke Transformation, and provides a sine and cosine signal to an
external processor, e.g. an ECU (not shown), which can calculate the angle therefrom. In a variant, the angle is calculated
inside the sensor device 320, and may be provided to the external processor.
[0068] A method of determining these calibration values is known in the prior art, but the current way of determining
these calibration values is rather complex and computationally intensive.
[0069] The inventors of the present invention had the task to find a simpler and/or more efficient and/or more elegant
calibration procedure for determining these calibration values, e.g. a method which is less computationally intensive.
[0070] FIG. 4 shows a flow-diagram of a method 400 of determining a set of calibration parameters for offset-com-
pensation. The method 400 comprises the following steps:

a) applying (401) an alternating signal to the at least one transmitter coil (TX).
This step may be performed by the sensor device 320 itself, but that is not absolutely required, and the transmitter
coil could also be excited by another device.
b) performing (402) at least six times the steps i) to iv):

i) positioning (403) the target (312) in one of six predefined angular positions (α30, α90, α150, α210, α270,
α330) spaced apart by approximately 55° to 65°;
ii) receiving (404) a first, second and third alternating signal (S0, S1, S2) from the three receiver coils (Rxl, Rx2,
Rx3) whilst the target (312) is at said predefined angular position;
iii) demodulating (405) the first, second and third received signal (S0, S1, S2) thereby obtaining a first, second
and third baseband signal (InO, In1, In2);
iv) determining (406) a first, second and third pairwise difference signal (D01a, D12a, D20a) from these baseband
signals (InO, In1, In2), and storing these difference signals;

c) initializing (407) a first, second and third correction value (Aasym01, Aasym12, Aasym20);
d) performing (408) at least once, the steps v) to viii):

v) subtracting (409) the first, second and third correction value from the first, second, third pairwise difference
signal (D01a, D12a, D20a) respectively, thereby obtaining corrected difference signals (D01, D12, D20); e.g.
using the formulas shown in FIG. 8(a);
vi) determining (410) a sum of squares (SoS30, SoS90, SoS150, SoS210, SoS270, SoS330) of the corrected
difference signals (D01, D12, D20) for each of said six predefined angular positions (α30, α90, α150, α210,
α270, α330);
vii) estimating (411) an amplitude (Arotor/√3) of the corrected difference signals (D01, D12, D20);
viii) updating (412) the first, second and third correction value (Aasym01, Aasym12, Aasym20) based on the
following formulas: 
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wherein SoS30 to SoS330 are the sum of square values at the predefined angular positions, and
wherein (Arotor/√3) is the amplitude determined in step vii).

[0071] In an embodiment, step iii) may further comprise "digitizing the demodulated signals", and step iv) may comprise:
calculating differences. Alternatively, the difference between the demodulated signals may be determined in the analog
domain in step iv) using one or more differential amplifiers, and the analog difference signals may be digitized in step
iv). In both cases, the difference values are preferably stored as 6x3=18 digital values in step iv), for example in RAM.
[0072] The correction values may be initialized to zero in step c), in which case the subtraction in step v) can be omitted
for the first iteration, but that is an implementation detail, which may or may not be used.
[0073] It is a major advantage of this method that the target needs to be positioned at or near the predefined angular
positions only six times, irrespective of the number of iterations of step d).
[0074] It is an advantage that this method can be applied to an angular sensor system without having to physically
remove the rotor. This requires less handling, but also provides better calibration values.
[0075] It is an advantage of this method that it does not require the mounting of a second, highly accurate reference
sensor.
[0076] It is a major advantage that the data acquisition (in step b) only needs to be performed once, even if multiple
post-processing iterations are performed in step d).
[0077] The recursive loop (d) can be stopped for example after a predefined number of iterations, or when the offset-
values vary less than a certain amount (absolute or relative amount) from those determined in the previous iteration.
Typically the algorithm converges in 3 to 4 iterations depending on the amount of initial offset and the accuracy of the
Arotor-estimate.
[0078] Step b) is intended to gather a measurement for the target being in each of said six predefined positions. This
can be done in only six steps, if the target is moved in each of the six predefined positions once, in any order, or can be
done in multiple steps, e.g. if the target is continuously moving.
[0079] The method 400 may further comprise step e) of storing the updated set of correction values Aasym01, Aasym12,
Aasym20 in a non-volatile memory as calibration values, in which case the method becomes a method of determining
and storing the calibration values.
[0080] FIG. 5(a) shows a graph with three baseband signals In0, In1, In2, as may be obtained by demodulating the
signals S0, S1, S2 obtained from the receiver coils Rx1, Rx2, Rx3 in an ideal situation, i.e. without any offset. The values
on the vertical axis are arbitrary values.
[0081] FIG. 5(b) shows a set of three equations representing these ideal waveforms, each having an amplitude Aro-
tor/√3, and a common DC-offset Acommon, and the signals being 120° phase shifted electrically with respect to each
other. The angle θ represents the angular position of the target relative to the substrate. In the example shown in FIG.
5(a), the value of Acommon is equal to zero, due to the use of anti-winded receiver coils, but that is not absolutely
required for the invention to work.
[0082] FIG. 6(a) shows a graph with three baseband signals In0, In1, In2, as may be obtained by demodulating the
signals S0, S1, S2 obtained from the receiver coils Rx1, Rx2, Rx3 in a practical situation. In the illustrative example
shown in FIG. 6(a), Aasym0 was chosen equal to Arotor∗0.1, but of course, this is only an example.
[0083] FIG. 6(b) shows a set of three equations representing these waveforms, each having an amplitude Arotor/√3,
and a common DC-offset Acommon, and an individual offset Aasym0, Aasym1, Aasym2, and the signals being 120°
phase shifted electrically with respect to each other. The angle θ represents the angular position of the target relative
to the substrate.
[0084] The above mentioned problem can then be reformulated as "how to determine the offset values Aasym0,
Aasym1, Aasym2".
[0085] The value "Acommon" can be eliminated by determining pairwise differences between the three baseband
signals In0, In1, In2.
[0086] FIG. 7(a) shows a graph showing these pairwise differences, and FIG. 7(b) shows a set of three equations
representing them. As can be appreciated from these formulas, each offset value (Aasym0, Aasym1, Aasym2) influences
two difference signals.
[0087] The offset values can be determined or at least estimated or approximated by applying the method 400 of FIG.
4, which will be discussed further by referring to FIG. 9 to FIG. 17, and stored in the non-volatile memory 324 of the
sensor device during a calibration procedure.
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[0088] After the calibration procedure, e.g. during normal operation of the sensor device, the offset values Aasym0,
Aasym1, Aasym2 are stored in the non-volatile memory 324, from which they can be retrieved by the controller 325 and
fed to the digital processing circuit 326, where they can be used to compensate the offset, for example in accordance
with the formulas shown in FIG. 8(a), which are directly derivable from the set of equations of FIG. 7(b). FIG. 8(b) shows
what the offset corrected pairwise difference waveforms typically look like, and FIG. 8(c) shows a set of three equations
representing them.
[0089] One of the main ideas underlying the present invention is to calculate a sum of squares SoS of the pairwise
difference signals D01a, D12a and D20a, as expressed by formula [9.1] of FIG. 9.
[0090] After substituting the formulas of FIG. 7(b), this sum of squares "SoS" can be written as a sum of three terms:
Term1, Term2 and Term3. The skilled reader will agree that this expression seems quite overwhelming, and that it is
not trivial at all how this formula can possibly lead to a simple solution.
[0091] The inventors, however, went one step further, and realized that the first term can be simplified, as shown in
FIG. 10, to a value equal to (3/2)∗Arotor2, which allows the formula of FIG. 9 to be rewritten as shown in FIG. 11(a),
which still consists of three terms.
[0092] FIG. 11(b) shows an exemplary graph illustrating the sum of squares as a function of the angular position, for
a particular inductive sensor system. The inventors found that, ideally (if there no offset), the sum of squares is completely
constant, (in this example equal to 600 mV2), but in case there is an offset, the SoS has a particular sinusoidal shape.
[0093] FIG. 11(c) shows another notation of the third term.
[0094] As another idea underlying the present invention, the inventors came to the idea of evaluating the sum of
squares SoS in six specific locations, as shown in FIG. 11(d), these locations being at 30°, 90°, 150°, 210°, 270° and 330°.
[0095] FIG. 12 shows an evaluation of the sum of squares SoS(θ) for θ= π/2=90°, referred to herein as SoS90, which
can be written as Formula [12.1].
[0096] The sum of squares can also be calculated for θ=30°, θ=150°, θ=210°, θ=270° and θ=330°, in a similar manner,
leading to the set of formulas [13.1] to [13.6] of FIG. 13.
[0097] The inventors further came to the idea of subtracting SoS90 and SoS270, from which the extremely simple
formula [14.1] can be derived, stating that Aasym01 = (SoS90 - SoS270)/ (6∗Arotor).
[0098] Likewise, subtraction of SoS210 and SoS30 leads to the extremely simple formula [14.2] stating that Aasym12
= (SoS210 - SoS30)/ (6∗Arotor).
[0099] Likewise, subtraction of SoS330 and SoS150 leads to the extremely simple formula [14.3] stating that Aasym20
= (SoS330 - SoS150)/ (6∗Arotor).
[0100] These formulas are repeated in FIG. 15, which shows an important conclusion of the present invention. More
specifically, FIG. 15 shows three extremely simple formulas, not allowing to calculate the individual offsets (Aasym0,
Aasym1, Aasym2) themselves, but allowing to calculate pairwise differences (Aasym01=Aasym0-Aasym1;
Aasym12=Aasym1-Aasym2; Aasym20=Aasym2-Aasym0) between these offsets as a linear combination of two sum of
squares selected from the six sums of squares mentioned above. Once these values are known, they can be used to
calculate the offset compensated signals D01, D12, D20 described in FIG. 8(a).
[0101] It is noted that the value of "Arotor" can be estimated from the demodulated signals In0, In1, In2 as half of the
peak-to-peak value of each of the three baseband signals (i.e. the maximum minus the minimum divided by two). It is
also possible to use a mean or average or median of the three Arotor-estimates from the three baseband signals to
improve the accuracy of the Arotor estimate. On the other hand, it was found that the accuracy of the Arotor value is not
critical for the final result, and that the algorithm will still converge to the same final calibration coefficients, provided that
the Arotor estimate is correct within 620% of the actual amplitude. However, a more accurate estimate of Arotor may
lead to a faster convergence of the offset-values.
[0102] FIG. 16 shows the graph of FIG. 11(b) with a first SoS-curve representing the initial condition from which a first
set of offsets can be calculated using the formulas of FIG. 15, and shows a second and third SoS curve representing
the sum of squares after a first and a second iteration respectively. As can be seen, the algorithm converges very quickly,
and it is often sufficient to stop after 3 to 4 iterations.
[0103] FIG. 17 shows a plot with three curves, representing (i) the angular error without offset compensation, (ii) the
angular error after compensating using the values obtained after 1 iteration, and (iii) the angular error after compensating
using the values obtained after 2 iterations. Again, as can be seen, the algorithm converges very quickly, and can
drastically improve the accuracy of the angular sensor system.
[0104] While the invention is explained above for sum of square values determined at particular angular positions,
namely: 30°, 90°, 150°, 210°, 270°, 330°, the inventors surprisingly found that the exact position is not critical, and the
invention will also work for example, if the sum of square values are determined for example at: 20°, 80°, 140°, 200°,
260°, 320°, or at 40°, 100°, 160°, 220°, 280°, 340°, thus the reference values plus a constant angular shift. It was
furthermore found that the invention also works if a small random value (e.g. within +/- 5° or within +/- 3°) is added to
each reference position, and that the invention still works if both a constant value and a small random value are cumu-
latively added. Stated in mathematical terms, this means that the invention still works if the sum of squares is calculated
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in angular positions expressed by: 

where θ0 is a value in the range from 20° to 40°, or in the range from 25° to 35°; k is an integer value from 0 to 5; and
ε[k] is a random value in the range from -5° to +5°, or in the range from -3° to +3°, which may be different for each value
of k. These ranges are illustrated (in gray) in FIG. 18. Ideally, of course, θ0 is equal to 30°, and ε[k] is equal to 0°, in
which case the offset compensation will be optimal, and the angular error will be smallest, but the offset and the angular
error can also be reduced if samples are taken in the grey ranges of FIG. 18.
[0105] For completeness, it is noted that the angle θ is chosen to be equal to 0°, when the signal In2 reaches a positive
peak, as illustrated in FIG. 5(a).
[0106] From the above, it can be understood that it suffices to position the target in only six discrete angular positions,
as stated in step i) of the method 400. This positioning of the target may be a static positioning, e.g. using a stepper
motor. In this case, it would be sufficient in the data-acquisition stage (meaning: step b) to take 6 data samples of each
of the three baseband signals In0, In1, In2, hence 18 values in total, and performing the "post-processing" (meaning:
step c and step d) using these 18 values. Alternatively, the positioning of the target may be dynamic, e.g. by constantly
rotating the target while taking data samples, and storing only a subset of these data samples, for example only samples
in the gray zones of FIG. 18, e.g. data samples nearest to the desired reference angles (i.e. near 30°, 90°, 150°, 210°,
270°, 330°). Interestingly, in both cases (static or dynamic), the uncompensated signals can be used to roughly estimate
the angular position (typically within an accuracy of about +/-5°), which is more than accurate enough for taking data
samples, which in turn can be used for determining the offset parameters, thus alleviating the need for an accurate
external angular measurement reference. In other words, the method proposed herein does not require a highly accurate
stepper motor, nor a motor with a very accurate angular speed.
[0107] Finally, it is noted that, depending on the implementation, most of the method steps, except the mechanical
movement of the target, and optionally the excitation of the transmitter coil, can be performed on the sensor device itself.
Alternatively, part of the method steps (such as the data acquisition and demodulation) are performed by the sensor
device, and the post-processing would be done in an external computer, which would calculate the calibration values,
and send them back to the sensor device for storage in the non-volatile memory 324.

Claims

1. A method (400) of determining a set of calibration values (Aasym01, Aasym12, Aasym20) for offset-compensation
of an inductive angular sensor arrangement (310) comprising: a substrate and a target; wherein the substrate
comprises at least one transmitter coil (TX) and three receiver coils (Rxl, Rx2, Rx3) for generating three modulated
signals from which three baseband signals (InO, In1, In2) which are electrically shifted relatively to one another by
about 120° can be derived, and wherein the target is rotatable relative to said substrate; the method comprising the
steps of:

a) applying an alternating signal to the at least one transmitter coil (TX);
b) performing at least six times, the steps i) to iv):

i) positioning the target in one of six predefined angular positions (α30, α90, α150, α210, α270, α330)
spaced apart by approximately 50° to 70°;
ii) receiving a first, second and third alternating signal (S0, S1, S2) from the three receiver coils whilst the
target is at or near said predefined angular position;
iii) demodulating the first, second and third alternating signal (S0, S1, S2) thereby obtaining a first, second
and third baseband signal (InO, In1, In2);
iv) calculating a first, second and third pairwise difference signal (D01a, D12a, D20a) from these baseband
signals, and storing these difference signals;

c) initializing a first, second and third correction value (Aasym01, Aasym12, Aasym20);
d) adjusting, at least once, the first, second and third pairwise difference signal (D01a, D12a, D20a) taking into
account the first, second and third correction value (Aasym01, Aasym12, Aasym20), and adjusting at least once
the first, second and third correction value (Aasym01, Aasym12, Aasym20) based on a sum of squares (SoS30,
SoS90, SoS150, SoS210, SoS270, SoS330) of the adjusted pairwise difference signals.
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2. The method of claim 1, wherein step d comprises:
d) performing at least once, the steps v) to viii):

v) subtracting the first, second and third correction value from the first, second, third pairwise difference signal
(D01a, D12a, D20a) respectively, thereby obtaining corrected difference signals (D01, D12, D20);
vi) determining a sum of squares (SoS30, SoS90, SoS150, SoS210, SoS270, SoS330) of the corrected differ-
ence signals for each of said six predefined angular positions;
vii) estimating an amplitude (Arotor) of the corrected difference signals (D01, D12, D20);
viii) updating the first, second and third correction value (Aasym01, Aasym12, Aasym20) based on the following
formulas: 

3. A method according to any of the previous claims, wherein the sum of squares (SoS30, SoS90, SoS150, SoS210,
SoS270, SoS330) is calculated in accordance with the following formula: 

4. A method according to any of the previous claims,
wherein Arotor is calculated in accordance with the following formula: 

where max(.) means a maximum value, and min(.) means a minimum value.

5. A method according to any of the previous claims,
wherein step viii) further comprises: determining how much the correction values have changed in this iteration of
step d), and comparing this change to a predefined threshold value;
and if the change is larger than the threshold value, performing another iteration of step d);
and if the change is smaller than the threshold value, continuing with step e).

6. A method according to any of the claims 1 to 4,
wherein step d) is performed a predefined number (N) of times.

7. A method according to any of the previous claims,
wherein step i) comprises: positioning the target in a stationary position; and
wherein step ii) comprises: receiving said alternating signals (S0, S1, S2) from the receiver coils whilst the target is
in said predefined angular position.

8. A method according to any of the claims 1 to 6,
wherein step i) comprises: allowing or causing the target to rotate; and
wherein step ii) comprises: receiving said alternating signals (S0, S1, S2) from the receiver coils whilst the target is
in the vicinity of said predefined angular position.

9. A method according to any of the previous claims,
wherein the at least one transmitter coil (TX) is substantially circular;
and/or wherein the at least one transmitter coil (TX) is part of an LC oscillator circuit.

10. A method according to any of the previous claims, wherein the receiver coils are anti-winded.
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11. A method according to any of the previous claims, wherein the transmitter coil is excited with an alternating signal
having a frequency in the range from 1 to 20 MHz.

12. A method of offset determination and compensation in an inductive angular position sensor system (300), wherein
the substrate comprises at least one transmitter coil (TX) and three receiver coils (Rxl, Rx2, Rx3) for generating
three modulated signals (S0, S1, S2) from which three baseband signals (InO, In1, In2) which are electrically shifted
relatively to one another by about 120° can be derived, and wherein the target is rotatable relative to said substrate;
and wherein the position sensor system (300) further comprises an angular sensor device (320) and a non-volatile
memory (324);
the method comprising the steps of:

x) determining a plurality of calibration values (Aasym01, Aasym12, Aasym20) according to any of the claims
1 to 11;
y) storing these calibration values (Aasym01, Aasym12, Aasym20) in the non-volatile memory (324) of the
angular sensor device (320) during a calibration phase;
z) reading these calibration values from said non-volatile memory (324), and using them for offset-compensation
during normal use of said angular sensor device (320).

13. An angular sensor device (320) comprising:

a demodulator circuit (323) configured for demodulating three modulated signals (S0, S1, S2) into three baseband
signals (InO, In1, In2);
a non-volatile memory (324) for storing at least three calibration values (Aasym01, Aasym12, Aasym20);
a processing circuit (326) connected to an output of said demodulator circuit (323), and connected to said non-
volatile memory (324), and configured for performing at least the steps ii) to iv) and c) to d) of a method according
to any of the claims 1 to 11.

14. An angular sensor system (300) comprising:

a substrate comprising at least one transmitter coil (TX) and three receiver coils (Rxl, Rx2, Rx3), configured for
generating three modulated signals from which three baseband signals (InO, In1, In2) which are electrically
shifted relatively to one another by about 120° can be derived;
a target (312) rotatable relative to said substrate;
an angular sensor device (320) according to claim 13, connected to said at least one transmitter coil (TX) and
to said receiver coils (Rxl, Rx2, Rx3).

15. An angular sensor system (300) according to claim 14, wherein the substrate has a rotational symmetry of 120°
divided by the number (N) of lobes of the target.
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